Abstract-Myofascial trigger points (MTrPs) are palpable painful nodules that can develop in skeletal muscle and are associated with myofascial pain syndrome (MPS), a common chronic pain condition. Symptomatic MTrPs are often a therapeutic target for management of MPS, but the pathophysiology of MTrPs are poorly understood, and the diagnostic criteria lack reliability. Based on the results of our previous studies involving ultrasound imaging of MTrPs, we hypothesized that muscle containing MTrPs has heterogeneous fiber orientation within the affected zone and surrounding areas compared to palpably normal muscle. For this study, we sought to utilize the known variation of shear speed with muscle fiber orientation as a method for determining anisotropy in muscle fibers. We developed a standardized method to acquire shear wave elastography images at different transducer orientations in the upper trapezius muscle of subjects with chronic neck pain (>3 months). The images were aligned with palpable MTrPs using a custom transducer holder with a fixed imaging window. The variation of the shear wave speed of the muscle as a function of the transducer angle was used as a surrogate for muscle fiber orientation. The asymmetry of the fiber orientation was then determined and compared between active (spontaneously-painful) MTrPs, latent (not spontaneously-painful) MTrPs, and normal muscle tissue. Preliminary results from this study showed a statistically significant increase in asymmetry of fiber orientation between active (12.36 ± 7.96°; N=14) and normal sites (5.75 ± 4.92°; N=8; p<0.027). Our data suggest that disruption of fiber architecture may be an important feature that distinguishes active MTrPs from normal muscle tissue.
I. INTRODUCTION
Myofascial pain syndrome (MPS) is a common soft tissue musculoskeletal pain condition [1] that often involves the neck and low back [2] . Myofascial trigger points (MTrPs) are a characteristic finding in myofascial pain [3] . The current diagnostic standard for MTrPs is based on palpation for the presence of tender, hard nodules in a taut band of skeletal muscle and an associated cluster of symptoms including characteristic pain referral patterns [3] . MTrPs can be either active or latent [2] . When the MTrP is spontaneously painful, and its palpation reproduces the symptomatic pain [4] , it is defined as an active MTrP (A-MTrP). When the MTrP is not spontaneously painful, and elicits pain only when palpated or disturbed, it is defined as a latent MTrP (L-MTrP) [5] . AMTrPs are a common therapeutic target for management of MPS, including dry needling [6] , injections, and manual therapies. However L-MTrPs are common in asymptomatic muscle [7] . Because identification and classification of MTrPs requires a skill and practice, there is significant variability in the diagnosis [8] . Therefore, there is a significant need for objective diagnostic criteria for MTrPs.
In previous studies, our research group has used ultrasound imaging and vibration elastography to demonstrate that there are tissue texture and vascular abnormalities in the muscle containing palpable MTrPs [9] . Muscle containing AMTrPs showed significantly more mechanical heterogeneity compared to palpably normal muscle [10] . We hypothesize that muscle containing MTrPs has heterogeneous fiber orientation within the affected zone and surrounding areas compared to palpably normal muscle.
Previous studies have reported that the shear wave speed along muscle fibers is distinct from the speed across the fibers [11] . Therefore, the shear speed may be a sensitive method to determine muscle fiber orientation in vivo. The purpose of this study is to develop a reproducible method to determine anisotropy in muscle fibers using Shear Wave Elastography (SWE) and investigate whether there is evidence of heterogeneous fiber orientation in muscle containing MTrPs. Towards this purpose, we quantified the shear wave speed as a function of transducer orientation with respect to the muscle fibers using a custom designed holder. The rationale for our study is that the variation of the shear speed with varying relative transducer orientations with respect to an anatomical landmark is a surrogate measurement for the variation in fiber anisotropy with respect to the same anatomical landmark. Muscle fibers that are parallel to each other would produce a symmetric variation of shear speed with angle, whereas fibers that are not parallel to each other would produce an asymmetric variation of shear speed with angle.
II. MATERIALS & METHODS
For this study, 15 subjects were recruited who exhibited chronic myofascial neck pain (>3 months). The George Mason University Institutional Review Board approved all study procedures. Trained clinicians (LG and JS) identified, marked, and labeled A-MTrPs (spontaneously painful), L-MTrPs (nonspontaneously painful), and normal muscle regions along the upper trapezius based on a physical examination following standardized methods [12] .
The Aixplorer Ultrasound System (SuperSonic Imagine, Aix en Provence, France) with an L10-2 linear ultrasound probe was used for B-mode and SWE imaging. A custom holder was designed that enabled the transducer to be rotated to angles at 10° intervals while imaging through a window with a diameter of 20 mm ( Figure 1 ). The transducer holder was adhered to the skin with medical tape with the window located over the MTrP, which allowed the B-mode and SWE images to be registered with the MTrP. The 0° position was placed parallel to the estimated line from the acromioclavicular (AC) joint to the C7 spinous process on the spine, which is the approximate direction of the fibers in the upper trapezius. Shear wave elastography measurements were then taken of the specified muscle region with the probe rotated from -90° to +90° in 10° increments. Markings indicate the angles at which measurements were taken. Markings cover 180°, from -90° to +90°, with 0° indicating that the transducer is parallel to a line joining the AC joint to the C7 spinous process, which is also the expected mean orientation of the muscle fibers in the upper trapezius.
The average shear speed was calculated for each image within the 20-mm muscle ROI using the Q-box feature of the Aixplorer system. These measures were then transferred to MATLAB for further analysis, and a plot of the shear wave speed vs. the transducer orientation was created. The plot was normalized between 0 and 1 based on the highest and lowest values of the shear speed. The angle at which the highest value occurred was noted as the expected fiber angle, since shear speed along muscle fibers is expected to be the highest. The full width at half maximum (FWHM) was determined at the location of the peak. The asymmetry of the plot around the expected fiber angle was determined at the FWHM point as shown in Figure 3 . The asymmetry of the plot of shear speed with angle corresponds to the angular asymmetry in fiber orientation. The absolute asymmetry measurements were compared between the active, latent and normal sites. Statistical significance was determined using a heteroscedastic twotailed Student's t-test.
III. RESULTS
In the study population of 15 subjects, 14 A-MTrP sites, 9 L-MTrP sites and 9 normal sites were identified. In one normal site, the SWE image quality was inadequate for quantifying variation with angle, and this site was excluded from the analysis. Thus the analysis was performed on 14 A-MTrP sites, 9 L-MTrP sites and 8 normal sites.
Shear wave speed (SWS) in normal muscle showed changes with the fiber orientation as expected in all cases, as shown in Figure 4 . The SWS as a function of angle showed an approximately bell-shaped distribution with the peak SWS along the expected direction of the muscle fibers (labeled as 0°). Preliminary results suggest that in muscles with active (symptomatic) MTrPs (N = 14), SWS as a function of angle exhibits an asymmetric distribution around the peak (12.36 ± 7.96°), unlike normal, asymptomatic muscle tissue (N = 8), which is more symmetric (5.75 ± 4.92°). The difference between active MTrPs and normal muscle tissue was significant (p<0.027) for a two-tailed t-test. Our preliminary results indicate that the variation of the SWS with transducer orientation is asymmetric in the case of muscle containing active MTrPs. A likely explanation for this observation is that the fiber orientation in the case of muscle containing active MTrPs is more heterogeneous than palpably normal muscle. If all the muscle fibers were oriented in one direction parallel to each other, the plot of shear speed with transducer orientation would have been perfectly symmetric. This is because different orientations of the transducer with respect to the muscle; (e.g. at +45° and -45°) would lead to identical relative alignments with respect to the fibers and correspondingly lead to identical values of measured shear speed. However, if the fibers are not parallel to each other and the fiber directions are non-uniform, then different orientations of the transducer with respect to the muscle; (e.g. at +45° and -45°) would lead to different relative alignments with the fibers and correspondingly lead to different values of measured shear speed. We believe this is the source of the asymmetry observed in our study.
MTrPs present as physically palpable tender nodules, often within a taut band of muscle. Previously, they have been hypothesized to be local contractures in the muscle, or associated with abnormalities near the fascial boundary [10] . Muscle contraction is associated with changes in fiber orientation, and thus local contractures could disrupt the local fiber orientation. In our previous studies, we have observed that MTrPs appear hypoechoic, and do not support a propagating vibration. A local disruption of fiber architecture would be consistent with these findings. While our present study does not definitively answer the question, the data suggest that disruption of fiber architecture may be an important feature that distinguishes A-MTrPs from normal muscle tissue. Our data also show that L-MTrPs are associated with more fiber angle asymmetry than normal tissue, and less than A-MTrPs, although the differences are not statistically significant in our small sample size.
Our results are also consistent with our previous findings of heterogeneous mechanical properties within the muscle containing A-MTrPs [10] . Some histological studies have suggested that muscle fiber architecture in trigger point regions is disrupted [13] , although these findings have not been widely reproduced. This study shows that the mechanical properties of anisotropic muscle can be measured in vivo using shear wave elastography. Our imaging protocol using a custom transducer holder enabled careful alignment between the region with palpated findings and the imaging region of interest, and enabled a quantification of the variation of shear speed with transducer orientation. The current study has a number of limitations that need to be acknowledged. The sample size is small, and the study results need to be validated in a larger study population. We have not yet conducted a systematic reproducibility assessment of our anisotropy measurements. Finally, our interpretation of the results need to be validated in a controlled setting where the fiber orientation can be altered.
